Interrelationships between the respiratory, phosphorylative, and mitotic activity of Ehrlich ascites-tumor cells have been studied in vitro by exposing the cells to graded concentrations of agents affecting these activities and comparing the relative changes produced. Previous studies determining the influences of diriitrophenol and stilbestrol indicated that the rate of cell division, as measured by uptake of radioactive phosphorus into deoxyribonucleic acid (DNA), may be independently related to both the respiratory rate and the availability of high-energy phosphate (1,2). The studies were extended in the present investigation with determination of the effects of several sulfhydryl reagents.
percent. The packed-cell volume was determined by centrifugation of an aliquot in a Wintrobe hematocrit tube.
Amounts of suspension contaming 0.2 mI. packed cells were added to the main chambers of Warburg vessels and were diluted to 2.1 mI. with Krebs-Ringer-phosphate. The suspension was buffered with 0.4 ml. of 0.15 M tris to establish pH 7.4 at 37° C. When included, sulfhydryl reagents 6 and p32 (approximately 25 }.LC in neutral isotonic solution), in a total volume of 0.5 mI., were tipped in from side arms at zero time, following a 10-minute equilibration period. Central wells contained alkali and fluted filter papers. Temperature was maintained at 37° with air as the gas phase.
Immediately following the respiratory period of 1 hour, the contents of duplicate vessels were combined and centrifuged. The supernatant "medium" was decanted, and both cells and medium were subjected to phosphate fractionation (1) . Inorganic-phosphorus (IP) and labilephosphorus (LP) fractions were separated from extracts prepared with cold trichloroacetic acid. Non-nucleotide organic phosphorus, the remainder of phosphorus in the extracts, was characterized as ester phosphorus (EP) and was calculated as the difference between total acidsoluble phosphorus and the sum of IP + LP. Deoxyribonucleic acid phosphorus (DNAP) was separated from the acid-insoluble residue of the cells by a modified Schmidt-Thannhauser partition. All phosphorus contents are shown as }.Lg. per mI. cells, or fluid associated with 1 mI. of cells.
Radioactivity of IP fractions was calculated in terms of specific activity (S.A.), defined as the ratio of percentage counts added to mg. phosphorus per ml. Activity of other fractions is expressed as relative specific activity (R.S.A.), the percentage ratio S.A. of the fraction to that of the corresponding IP fraction.
Results
The influence of graded concentrations of the 3 reagents on endogenousoxygen utilization of the ascites-tumor cells is shown in text-figure 1. The benzoates showed no effect on respiration until a concentration of 1 X 10-4 M was reached. With further increase in concentration, respiration fell off sharply. The shapes of the curves resembled those for stilbestrol and quinone, although the inhibitory action of stilbestrol became apparent at a lower concentration (2). HN2 was less effective than the benzoates in inhibiting O 2 uptake, respiration declining gradually with increased reagent concentration. A limited effect of HN2 on cellular respiration, at least during the first hour of exposure, has been observed with several mammalian tissues (6) , as well as with unicellular organisms (7, 8) .
As shown in text-figure 2 with chloromercuribenzoate, all sulfhydryl reagents exhibited a delayed action in inhibiting tumor-cell respiration. No inhibitory influence was apparent during the first 10 minutes of
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TEXT-FIGURE 2.-Time-rate curves of ascites-tumor-cell respiration as influenced by p-chloromercuribenzoic acid. With increasing concentrations of mercuribenzoate there was little change in either amount or S.A. of cellular IP until levels of reagent inhibitory to respiration were reached. The cellular IP content then began to fall, while the S.A. increased. 7 An opposite change occurred in medium IP; concentrations of reagent inhibitory to respiration increased medium IP levels, while the S.A. fell. Changes in EP concentration of cells and medium were similar to those in IP, higher reagent levels producing decreases in cellular EP and increases in medium EP. Both the concentration and activity of cellular LP diminished with an increase in benzoate concentration, paralleling the fall in respiration. DNAP concentration, as had been noted with other agents, remained unaffected by mercuribenzoate; uptake of p32 however, fell markedly with a rise in reagent levels.
Nitrogen mustard, in contrast to the benzoates, produced a rise in cellular IP with increasing concentration; S.A. remained relatively unchanged. Medium IP levels also increased slightly, with the S.A. maintaining constancy. Although the cellular content of EP decreased slightly at the higher reagent levels, medium EP concentration remained stable. Both the concentration and the activity of cellular LP decreased with increasing levels of HN 2 , a change which invariably accompanied onset of respiratory inhibition with all reagents studied.
Discussion
Although chloromercuribenzoate and iodosobenzoate act similarly to stilbestrol (2) and higher concentrations of dinitrophenol (1) in inhibiting respiration of Ehrlich ascites-tumor cells, it is obvious from phosphate exchange that different modes of action are involved. The rise in medium IP which accompanied increase in dinitrophenol concentration always lagged behind and seemed to result from the elevation in cellular IP. There was no overt evidence of alteration in membrane permeability. Similarly with stilbestrol, the cellular content of IP rose with increasing reagent concentration until the very highest level was reached. The subsequent fall in cellular IP occurred simultaneously with manifestations of damage to the cell membrane. The phosphate exchanges which attended increase in benzoate concentrations, on the other hand, were all indicative of impairment in cellular permeability. Indeed, a change in the physical characteristics of the cells exposed to the agents was manifest. It appears likely, therefore, that a major action of the benzoates on Ehrlich ascites-tumor cells may be directed toward the cell membrane. 7 Mention should be made of a change In physical characteristics of the cells after exposure to mercurlbenzoate. Following the respiratory period and centrifugation of suspensions to separate cells from media, typically constant volumes of solidly packed cells were obtained from control preparations or cells exposed to noninhibltory levels of benzoate. With an increase in reagent sufficient to bring on respiratory inhibition, however, the volume of the cellular residue began to increase. Moreover, instead of remaining solldly packed, the cellular centrifugate became viscid and tended to run out of the tube on inversion. At the same time, the concentration of protein In the mediUm began to Increase, as shown by quantitative biuret determination and by an increase In the volume of trichloroacetic acid-insoluble material (unpublished data). Similar effects, of even greater magnitude, wore observed after exposure of cells to Inhibitory levels of lodosobenzoate. These phenomena, probably denoting damage to the cell membrane and altered cellular permeability, very I1kely have a bearing on the phosphate changes observed.
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The importance of sulfhydryl groups in maintaining the integrity and permeability of cellular membranes has been demonstrated previously. Barron (3) found the oxidation of added substrates by Mycobacterium creatinovorans to be inhibited indiscriminately by sulfhydryl reagents and suggested the presence of sulfhydryl proteins responsible for permeability at the cell surface. Shacter (7) noted agglutination and partial lysis of yeast cells exposed to chloromercuribenzoate associated with impairment in glucose oxidation. Benesch and Benesch (9) observed that sheep erythrocytes were hemolyzed by organic mercurials, probably through reaction with cellular sulfhydryl groups essential for maintenance of the intact cell structure. Sheets et al. (10) , in demonstrating the hemolysis of human erythrocytes by chloromercuribenzoate, called attention to the delayed reaction between the reagent and cellular sulfhydryl groups. Hemolytic action could be reversed by washing the cells as long as 30 minutes after contact with the agent. In the present experiments a delayed action of the agent on respiratory inhibition of Ehrlich ascitestumor cells was noted.
Nitrogen mustard, a compound readily alkylating sulfhydryl groups, had an action on the ascites cells more closely akin to that of dinitrophenol and stilbestrol than to its sister sulfhydryl reagents. The agent, however, is known to react with many cellular components (11) . It would appear that under the present experimental conditions HN2 affected cellular loci other than membrane sulfhydryl groups (cj. 8, 11) .
In spite of the diverse mechanisms apparently involved in the actions of agents on respiration and phosphorus relationships of Ehrlich ascitestumor cells, in all cases inhibition of respiration was associated with a decrease in concentration and R.S.A. of labile phosphorus, as well as with lowered uptake of p32 into DNAP. The relationship of cell division to respiratory rate and availability of high-energy phosphate previously suggested therefore still pertains.
Of the 3 agents used in the present experiments, only HN2 has been employed extensively in vivo. The compound is effective in restricting ascites formation and in increasing survival time of mice bearing the Ehrlich carcinoma (12, 13) . Its action in vivo thus seems to relate to the in vitro action of HN2 on Ehrlich ascites cells in inhibiting both uptake of p32 into DNAP, observed in the present experiments, and incorporation of glycine-2-C 14 into DNA adenine, demonstrated by Le Page and Greenlees (14) . On the other hand, Davidson and Freeman (15) , studying the influence of prior administration of HN2 on p32 uptake in vivo, found that the agent had no effect on p32 incorporation into tumor DNA of mice bearing adenocarcinoma 755, although growth of the neoplasm is inhibited slightly. Moreover, Heidelberger and Keller (16) noted only slight inhibition of p32 uptake into tumor DNA in vitro after administration of HN2 to rats bearing Flexner-Jobling carcinoma, a neoplasm markedly affected by the drug. Therefore, no distinct relationship is apparent at present between the biochemical actions of HN 2 , either in vitro or in vivo, and the inhibitory action of the drug on tumor growth.
Summary
The influence of graded concentrations of sulfhydryl reagents on interrelations between respiration and phosphorylations of Ehrlich ascitestumor cells was studied in vitro. Associated with inhibition of cellular respiration by p-chloromercuribenzoic acid and o-iodosobenzoic acid, there was a change in the physical characteristics of the cells and marked outpouring of phosphorus, suggesting damage to the cellular membrane. Nitrogen mustard had a lesser effect in inhibiting respiration and did not appear to affect cellular permeability. Inhibition of respiration was in all cases accompanied by decrease in concentration and specific activity of labile phosphorus and in lowered uptake of radioactive phosphorus into deoxyribonucleic acid.
